Genetic variation affecting the expression of Bare (Ba), a morphological mutant of Drosophila subobscura that reduces the number of bristles and is located on the 0 chromosome of this species, is reported. Our results show that 0 chromosomes extracted from a natural population (El Pedroso, Santiago de Compostela, Spain) show considerable genetic variation in modifier effect upon Ba expression. The amount of modifier variability is dependent on the chromosomal arrangement (OsT and 03÷4+7), since modifier variation is higher in °ST than in 03÷4+7 chromosomes. Investigations of the genetic architecture of this modifier system on the 0 chromosome carried out using biometrical methods indicate that a relatively small number of genetic "factors" can explain the differences in modifier effect between a wild 0 chromosome of high modifier effect and a marker chromosome of low score. In addition, the modifier effects show a non-uniform distribution along the 0 chromosome and some indication of clustering of modifier "factors" around the major locus (Ba) is also observed.
INTRODUCTION
Modifier genes are usually considered to play an important role in adaptation (Feldman and Krakauer, 1976; Turner, 1977; Templeton, 1982) , but, in spite of this, genetic variation in natural populations for these kind of genes is yet poorly known. Modifiers of expression of morphological mutants and genetic modifiers of enzyme activity are the main types of modifiers that have been studied (Thompson and Thoday, 1972; Thompson, 1973 Thompson, , 1975 Wil- ton et a!., 1982; Tepper et al., 1982 Tepper et al., , 1984 Geer and Laurie-Ahlberg, 1984; Thompson and Spivey, 1984) . Modifiers of mutant expression appear to be typical polygenes that generally act upon the character rather than affect only a specific mutant (Thompson, 1973 (Thompson, , 1975a , although mutantspecific modifier effects have also been reported (Scharloo, 1964; Fraser, 1968) . The importance of modifiers of mutant expression with respect to phenomena such as evolution of dominance (see Sved and Mayo, 1970) , canalization and development (Rendel, 1979; Thompson and Woodruff, 1982) and mimicry (Turner, 1977) has been widely discussed. Nowadays, however, there is very little information about the extent of genetic variation for modifiers of mutant expression in natural populations although some efforts have been addressed to this subject (Alvarez et a!., 1980; Thoday and Thompson, 1984; Thompson and Spivey, 1984) .
Genetic variation in the phenotypic expression of Bare (Ba), a morphological mutant that reduces the number of bristles and is located on the 0 chromosome of Drosophila subobscura, has been found (Alvarez et a!., 1980) . Our early experiments showed that a sample of 0 chromosomes derived from a natural population revealed substantial variation in their modifier effect upon the expression of Ba, and that this modifier variability could be explained in terms of polygenic factors located on the 0 chromosome (Alvarez eta!., 1980 (Alvarez eta!., , 1981 . In this paper our first goal is to quantify the amount of genetic variation in modifier effect in natural populations and so extend our earlier observations to a larger sample of chromosomes. Secondly, we investigate the genetic architecture of this modifier system in which both the major locus and minor modifier loci are located on the same chromosome. It is necessary to point out that the polygenic basis of this modifier system does not necessarily prevent its genetic disection. Thus, the occurrence of a continuous distribution for a quantitative trait does not necessarily imply that G. Alvarez, P. Martinez and C. Zapata this trait is governed by a large number of genes, as has been emphasized by Thoday and Thompson (1976) and Thompson (1975b . In addition, biometrical techniques for locating and mapping polygenes such as those of Thoday (1961 Thoday ( , 1979 have been successfully used in several instances (Davies, 1971; Thompson, 1975a; Shrimpton and Robertson, 1988 a, b) . In the present paper, we use these biometrical methods to analyze the genetic architecture of the modifier system that affects the Ba mutant and is located on the 0 chromosome of D. subobscura.
MATERIALS AND METHODS

Marker strains
Two marker stocks of D. subobscura, ch-cu and Va/Ba, were used in the experiments. The ch-cu strain is homozygous for two recessive morphological mutants, cherry (ch, bright red eye colour) and curled (cu, curled wings), both located on the o chromosome (Koske and Maynard-Smith, 1954; Loukas et al., 1979; Böhm et a!., 1987) . This stock is also homozygous for the 034 chromosomal arrangement.
The Va/Ba stock is a balanced lethal strain for the 0 chromosome of D. subobscura (Sperlich et al., 1977) . The Va/Ba strain carries two dominant morphological mutants located on chromosome 0, Varicose (Va, wing venation mutant) and Bare (Ba, bristles mutant), both lethal in homozygous condition (Koske and Maynard-Smith, 1954; Sperlich et al., 1977) . The Va chromosome carries the ch and cu mutants and an inversion complex to suppress recombination. The Ba chromosome has the standard chromosomal arrangement (OsT) and is wild-type for the ch and cu loci.
Measurement of modifier effect of o chromosomes
Bare (Ba) is a mutant that reduces variably the number of macrochaetae and is located on the 0 chromosome (54.7 cM) of D. subobscura (Koske and Maynard-Smith, 1954; Loukas et a!., 1979) . The effect of a particular 0 chromosome on the phenotypic expression of Ba was measured by crossing a male heterozygous for that 0 chromosome and a Va chromosome, with Va/Ba females (see fig. 1 ). In the offspring of this cross the effect of the 0 chromosome on Ba expressivity was observed by comparing the phenotype of the +/ Ba individuals relative to the Va/Ba genotype, which was used as a control. Given that both +/Ba and individuals of the progeny were counted to measure the chromosome modifier effect as usual.
In order to measure the modifier effect of 0 chromosomes directly derived from a natural population, wild males were trapped on the south slopes of El Pedroso mountain, 3 km from Santiago de Compostela (NW of Spain). The wild male flies were individually mated to cuch/cu ch females and a single F1 phenotypically wild male (+1/cuch heterozygote) was backcrossed with cu ch/cu ch females (see fig. ib ). The identification of the chromosomal arrangements of the wild 0 chromosomes was performed in third-instar larvae obtained from the progeny of the backcrosses. The squash technique and staining with lactoacetic orcein (lactic acid: acetic orcein, 3: 1) was used to observe the polytene chromosomes of salivary glands of larvae. Eight larvae of the progeny of every backcross were analyzed so that the probability of not detecting the wild 0 chromosome equals 0OO4. When the arrangement of each wild chromosome had been established quantification of the modifier effects of these chromosomes was carried out. Only chromosomes with the most frequent arrangements (OST and 03±4±7, see Fontdevila et al., 1983) were used. The +/cu ch males carrying a wild 0 chromosome with either °ST or 03±4±7 arrangements were crossed with Va/Ba females. In the progeny of this last cross the chromosome modifier effect was measured as usual (see fig. Ib ).
Locating modifier effects on 0 chromosome Location of polygenic loci responsible for modifier effects was attempted using Thoday's method (Thoday, 1961 (Thoday, , 1979 . In the present paper the terms "polygenic locus" (Thompson and Thoday, 1974) , "effective factor" (Mather and Jinks, 1971) and "factor" (Shrimpton and Robertson, 1988a) are used as synonymous to refer to a located poiygenic effect corresponding to a locus composed of one or more closely linked genes. Accordingly to Thoday' s method a heterozygote between a tester chromosome with recessive visible markers and low score and a tested chromosome of high score must be obtained. Then, cross-over chromosomes corresponding to recombinant marker classes are isolated and detection of heterogeneity inside each marker recombinant class is attempted. The number of homogeneous groups contained in a recombinant class indicates the number of polygenic loci or effective factors located between the corresponding markers.
In D. subobscura the power of Thoday's method is limited by the number of suitable markers given that in this species there are few available morphological mutants. We used the chcu strain as a tester stock marked with two recessive mutants since this stock presents a low modifier effect (Alvarez et al., 1980) . The chromosome fig. 2 ). The occurrence of the 03+4 inversion in the ch-cu strain prevents recombination in the third section given the breakpoint of this arrangement is located at 1053 cM, mapping at a distance of 71 cM from the ch locus. Therefore, recombination will be practically blocked all along the third chromosomal region and, as explained later, we will take advantage of this fact.
In the progeny of the heterozygotes between the tester and the tested chromosome ( fig. 2 ) we picked up Va/cu+, Va/++ and Va/cuch individuals (41, 31 and 25 males, respectively) and they were progeny tested for modifier effects. Thus, these males were individually crossed to Va/Ba females and bristles for +/Ba and Va/Ba individuals among the offspring were scored. We paid special attention to the recombinant marker class (Va/cu +) given that preliminary experiments showed that a larger part of the 0 chromosome modifier effect seems to be located precisely in this chromosomal region between cu and ch. On the other hand, the Va/cu ch and Va/+ + parental classes were used to investigate the first region of the 0 chromosome. Given that the recombination in the third region is blocked by the 03±4 inversion the occurrence of heterogeneity for modifier scores at the parental classes would be evidence for recombination inside the first region of the chromosome, ignoring double crossing-over.
The two parental classes Va/cu ch and Va/+ + have to produce two complementary mirror images. Progeny-testing was also carried out for these parental classes but only during three successive generations (three retests).
Statistical procedures
Statistical analyses of results were performed by means of the SPSS statistical package. Some of the statistical tests used, as for example the analysis of variance, assume data normally distributed which could not be the case with a meristic trait as number of bristles. In order to circumvent this problem, averages of number of bristles were always used in the computations for statistical testing given that distributions of means will approach the normal distribution according to the central limit theorem (Sokal and Rohlf, 1981) . In order to check this possibility the distributions of mean numbers of bristles of Va/Ba flies (averages over 30 individuals) in the experiment to measure modifier variability were analyzed by means of the Kolmogorov-Smirnov goodness of fit test to normal distribution (Sokal and Rohif, 1981) . The Kolmogorov.-Smirnov statistic (dmax statistic) is 005 (N =201, P>0.05) for the distribution of mean numbers of bristles of Va/Ba flies in the experiment with isogenic lines and 008 (N=133, P> 0.05) in the experiment with chromosomes from the natural population. Therefore, normality for the distributions of mean numbers of bristles can be assumed.
Culture conditions
All the experiments were carried out under strictly controlled environmental conditions, at a constant temperature of 19°C and 60-70 per cent of relative humidity. The culture medium used is described by David (1959) .
RESULTS
Modifier variability
A sample of 86 0 chromosomes coming from a natural population of D. subobscura (El Pedroso, Spain) has been assayed for modifier effect upon the expression of Ba mutant. From this sample 52 chromosomes were obtained from a collection of There are some differences in the distribution of modifier effect between the two chromosomal arrangements, °ST and 03±4+7 ( fig. 3, table 1 The total variance is S; S is the genetic variance ascribable to the chromsome 0 itself; S is the variance due to environment, sampling, and residual genotype.
are clearly higher than those corresponding to the 03+4+7 arrangement (3.06 vs. 121 in isogenic lines, and 663 vs. 151 in chromosomes from the natural population). Partitioning the total variance in two components corresponding to the chromosome 0 itself and to the environment, sampling and background genotype, the results demonstrate that the genetic variance ascribable to chromosome 0 itself is responsible for the higher variance of modifier effect observed in the °ST arrangement. While the residual variance is practically equal in the two arrangements, the genetic variance is 244 in the°S T chromosomes and only 067 in the 03±4+7 ones for the isogenic lines, and 630 vs. 111 for the chromosomes directly extracted from the natural population.
Location of modifier effects on 0 chromosome
In order to identify polygenic loci contributing to modifier variation, recombination between a chromosome of high modifier effect (0220) and the marker chromosome of the ch-cu strain of low modifier score was studied by means of progeny tests. A total of 41 cu + recombinant chromosomes were assayed for modifier effect in five successive generations in order to improve the power of detection since preliminary experiments had showed that most modifier effect attributed to the 0 chromosome is located between the cu and ch markers (second chromosomal section, 526-982 cM). In addition, 56 parental chromosomes, 25 cuch and 31++, were also studied. Chromosomes of the parental classes were studied to investigate the first chromosomal section (00-526 cM). This was possible because the 03±4 inversion of the ch-cu stock prevents recombination at the third section of the chromosome in the females heterozygous for 0220 and ch-cu chromosomes. Consequently, parental marker classes (Cu ch and + +) will consist of both non-recombinant chromosomes and chromosomes recombined at section 1 (discounting double cross-overs). Fig. 4 shows the histograms corresponding to the distribu- 4 ). The Student-Newman-Keuls test (Sokal and Rohlf, 1981) for chromosome pairs shows that these four chromosome groups are homogeneous sets of chromosomes since this test does not detect statistically significant differences among chromosomes inside these groups. From these results it is concluded that a minimum number of three modifier factors must be located between cu and ch markers. The histograms corresponding to the two parental marker classes show in both cases two groups of chromosomes separated by a clear gap between them. The Student-Newman-Keuls test detects statistically significant differences between the two chromosome groups of the Cu ch class but not between the two groups of + + chromosomes. However, given that the two parental classes must produce mirror images the occurrence of two different chromosome groups is assumed. According to this result at least one modifier factor must be present in the first section of the 0 chromosome (00-52•6 cM).
The effects of the modifier factors are estimated from differences in mean scores of the homogeneous groups of chromosomes (table 4) . The modifier effects corresponding to the three factors located inside the second chromosomal region are 081, 178 and 256. The modifier effect corresponding to the factor of the first chromosomal region is estimated to be 184 or F31 according to the parental class considered (CU ch or + +, respectively). The modifier effect of this factor can also be estimated by comparing CU + and + + marker classes. The difference in mean scores between the highest chromosome group of the Cu + class and the non recombinant chromosomes of the + + class estimates this modifier effect as 125, a value very close to those previously obtained (the average of the three estimates is 1. 47 In a similar way, the difference between the non recombinant Cu Ch chromosomes and the lowest chromosome group of the CU + class produce an estimate of the modifier effect situated in the third chromosomal section. This mddifier effect is estimated to be 135, and according to the experimental design used it is not possible to know how many factors are responsible for this effect. Modifier effects of the polygenic loci can be The detected modifier factors can be approximately located on the genetic map of the 0 chromosome. The rationale for mapping polygenic loci is very simple and is based on the observed frequencies corresponding to the homogeneous chromosome groups (see table 4 ). Fig. 5 shows the approximate location of the four polygenic factors responsible for modifier effect on the 0 chromosome.
DISCUSSION
The results presented in this paper clearly demonstrate that there is considerable genetic variation , 1982; Wilton et al., 1982; Tepper et a!., 1982 Tepper et a!., , 1984 Geer and Laurie-Ahlberg, 1984) . Hence, the analyses of a variety of modifier systems in natural populations of Drosophila show the existence of a high degree of naturally occurring modifier variability.
The genetic architecture underlying the modifier variation associated with the 0 chromosome has been investigated using biometrical methods for locating polygenes (Thoday, 1961 (Thoday, , 1979 In connection with the distribution of modifier effect on the 0 chromosome, it is important to note that some indication of clustering of modifier factors around the locus Ba is observed (see fig. 5 ). Thus, the major locus and the two factors with the highest effect (about 54 per cent of the total modifier effect) are located in a chromosomal region of about 15cM. Itis a matter for speculation whether this is an accidental result or a reflection of some major feature of organization of the modifier system. In this sense, genetic structures, consisting of a major locus surrounded by a cluster of linked modifiers, are typical of mimicry supergenes in several species of butterflies (see Turner, 1977) . These mimicry complexes are supergenes composed of a group of several closely linked loci that interact with one another to produce the mimetic phenotype. Theoretical studies of Charlesworth and Charlesworth (1976) have demonstrated that these supergenes could arise from a major mimicry locus and minor mutations occurring at modifier loci closely linked to the major locus. The critical point for this system to evolve is linkage because unlinked modifiers would be eliminated by natural selection. From this perspective, the cluster of modifier loci lying in the proximity of the Ba locus could be a genetic structure originating from an evolutionary process similar to that attributed to mimicry supergenes.
Finally, one aspect of our results that also deserves attention is the dependence of the amount of modifier variability on chromosomal arrangements of 0 chromosome. The two arrangements of the 0 chromosome frequently found in the sampled natural population, °ST and 03±4+7, present a clearcut difference in their modifier variability ( fig. 3, table 3 ). The genetic variance of modifier effect ascribable to the 0 chromosome in °ST is more than three times that in 03±4+7 (244 vs. 067 for isogenic lines, and 630 vs. 111 for chromosomes extracted from the natural population). We believe that this result is probably related to the historical origin of inversions of the 0 chromosome. Taking into account the mechanism by which inversions are thought to arise it is valid to suppose that the amount of genetic variability must be higher in old arrangements than in new inversions (Krimbas and Loukas, 1980; Pinsker and Sperlich, 1981; Zapata et a!., 1982; Prevosti et a!., 1983) . However, it is difficult to establish a specific hypothesis on this subject since 03+4±7 and °ST are complex chromosomal arrangements differing by three inversions and a controversy exists on phylogeny of the 03±4 arrangement (see krimbas and Loukas, 1980 and Loukas, , 1984 Zapata et a!., 1982) .
Moreover, in order to formulate any specific phylogeny hypothesis it is necessary to know the distribution of modifier polygenes on the 0 chromosome given that modifiers could be scattered all over the 0 chromosome or they could be concentrated on one or more specific regions of the chromosome. The investigations presented in this paper on the distribution of modifier factors on the 0 chromosome have disclosed that the majority of the chromosome modifier effect (83 per cent of total effect) is located between the centromere and the ch marker. Only 17 per cent of the chromosome modifier effect is located apart from the ch locus in the chromosomal zone where the 03±4 arrangement occurs (see fig. 5 and Loukas et a!., 1979) . Consequently, more probably the different modifier variability between °ST and 03±4+7 is due to the 07 inversion. Though the boundaries of the 07 inversion are not exactly known (see Loukas et al., 1979) this inversion must include certain part of the chromosomal region situated between Cu and ch markers, the region precisely where a great part of chromosome modifier effect is located (about 65 per cent of the total effect). On this basis, the 07 inversion would have a low modifier variability in relation to the °ST homologous arrange-ment which must be considered as the older arrangement for this chromosomal zone. This phylogenetic hypothesis would agree with those predictions based on other criteria as the geographic distribution, criterion of centrality and the analyses of chromosomal arrangements in closely related Drosophila species (see Krimbas and Loukas, 1984) . In addition, this zone of the 0 chromosome supports more inversions in the °ST than in the 07 arrangement (Krimbas and Loukas, 1980) , it being reasonable to assume that, of two alternative arrangements, the ancestral supports more new inversions than the derivative arrangement because of the length of time it has been in the gene pool (Olvera et aL, 1979) .
